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Systems engineering has always required that hardware is evaluated in its desired
environment. However, this may not be feasible as the target or environment
may be too complex or too costly to use at any given time. This is a common
problem with evaluating Doppler radars as well, since the inherent property of a
Doppler radar is to measure the radial velocity of objects in motion like aircraft
or projectiles. A common solution to this problem is to perform a hardware-
in-the-loop (HIL) simulation. This usually comprises of a device that does a
real-time simulation of the environment or moving target. In the field of RF
engineering, such a device is known as a repeater or a Doppler simulator. De-
pending on the application, these devices use either the digital radio frequency
memory (DRFM) or direct digital synthesis (DDS) simulation method. Develop-
ing Doppler simulators as a diagnostic tool for sport Doppler radars is a growing
need to evaluate and assess the performance of these radars.
This dissertation will investigate the design and development of a Doppler sim-
ulator that can be used to simulate projectiles for sport Doppler radars. The
scope of this dissertation was restricted to the sport of golf using continuous wave
(CW) X-band Doppler radars. Raw data was measured by a Doppler radar to
determine the velocity profiles of golf balls in flight. From these profiles, flight
models were developed that could be simulated using a Doppler simulator. An
Arduino Due microcontroller was used to implement the digital DDS method
and to simulate these velocity profiles. This microcontroller was integrated into
an existing Doppler simulator that lacked the capabilities to simulate a velocity
profile.
ii
Results showed that the projectile based sport Doppler simulator was effective
in simulating the modeled flight trajectories. A close comparison between the
simulated and measured result were shown. For three different types of golf shots,
the average error between the simulated and measured trajectories was -0.169
m/s while the standard deviation was 0.28 m/s. This dissertation also showed
future possibilities in simulating a diverse range of projectiles and targets.
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The development of engineering devices has always required the need for diag-
nostic tools to test and evaluate them. Similarly, in the field of RF engineering,
radars need to be evaluated to assess their detection and tracking performance.
However, this is sometimes difficult as the target environment or object may
be too unpredictable or dynamic, like the weather, aircraft or projectiles. As
in other industries, a solution to resolving this difficulty has been to develop a
device that could perform a hardware-in-the-loop (HIL) simulation [1].
A HIL simulation comprises of a device that performs an end-to-end real-time
simulation of the environment or target object in order to assess how the de-
vice would respond. In RF engineering, such a device is commonly known as a
repeater or Doppler simulator [2][3]. These types of devices can use either the
digital radio frequency memory (DRFM) or the direct digital synthesis (DDS)
method [4][5]. These devices have also been used in electronic counter-measures
as jammers or false target simulators by using the DRFM method [6]. These
devices are also available commercially [7], and literature has been written about
them extensively [8][9]. However, the focus of these devices has been dominated
by pulsed radars for air-traffic-control (ATC) radars and military applications.
Some research has gone into continuous wave (CW) Doppler radars for sport
applications [10][11]. However, little research has gone into Doppler simulators
needed to test and evaluate them. Furthermore, commercial Doppler simulators
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[7] focus on fixed or linearly varying velocity profiles. However, sport Doppler
radars, used in projectile sports, measure a varying velocity profile. Therefore
Doppler simulators are required to simulate the velocity profile of projectiles in
order to perform an effective HIL simulation for Doppler radars.
This dissertation investigates the design and development of a Doppler simulator
for CW sport Doppler radars in order to perform an effective HIL simulation [12].
The research was performed at FlightScope [13]. FlightScope is a company that
develop CW sport Doppler radars for a variety of sports, including golf. They
have also developed a Doppler simulator for HIL simulation testing to evaluate
their radars. However, their device, called the AD9 Doppler simulator, only
simulates a constant velocity profile. Thus, this provides an opportunity to
develop a Doppler simulator, focusing on the sport of golf, to simulate a varying
velocity profile for golf ball projectiles. Furthermore, the flight dynamics of a golf
ball has a generic projectile profile that can be used as a benchmark for other
sport applications. These include soccer, tennis, and athletics.
The approach to develop a Doppler simulator used a variant of the DRFM
method [14]. Measured golf ball flight data was attained from FlightScope
Doppler radars and used to determine empirical flight models. In order to im-
plement this approach, the firmware of the AD9 Doppler simulator needed to
be either upgraded or its processor needed to be replaced. The latter approach
was chosen as it allowed for further features to be implemented in the Doppler
simulator. The Arduino Due microcontroller [15] was used to replace the existing
processor. The upgraded device was called the Due Doppler simulator.
Results showed that the proposed approach was effective and the simulated tra-
jectories versus the measured data had a close correlation. Three different types
of golf shots were used to test the functionality of the device. These golf shots
were referred to by their club as a Driver, a 6 Iron, and a Pitching Wedge. The
average error between the simulated and measured trajectories was -0.169 m/s
while the standard deviation was 0.28 m/s. This showed that the approach was
successful in accurately simulating golf ball trajectories. The rest of this disserta-





The focus of this dissertation is to upgrade the AD9 Doppler simulator with
suitable electronic hardware. It was stipulated that the upgraded device must
be able to achieve the following:
1. Use the existing AD9 Doppler simulator housing, RF board, and antenna.
2. Use the DDS method to generate IQ signals.
3. Match the functionality of the AD9 Doppler simulator.
4. Power and operate the RF hardware to receive, modify and transmit RF
signals.
5. Simulate a varying velocity profile that represents golf ball trajectories.
6. The amplitude, phase, and frequency of the Doppler simulator must be
adjustable.
7. The Doppler simulator must be portable.
8. The Doppler simulator must be controlled wirelessly.
9. The Doppler simulator must be cheaper than the current DDS processor.
1.2 Functional Specifications
The functional specifications will serve as a guide for the design requirements
which is based on the AD9 Doppler simulator. They are the following:
1. Simulated Shot Types: Driver, 6 Iron, and Pitching Wedge
3
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2. Frequency range: 1.5 kHz to 8 kHz
3. Measured velocity profile versus simulated error: ±0.5 m/s
4. IQ mixer sideband suppression: 40 dB
5. Resolution of the DDS phase accumulator: 32-bit
6. Phase resolution: 0.35◦
7. DDS look-up table width: 12-bit
8. DDS sampling frequency: Minimum of 20 kHz
9. DAC resolution: 10 - 16 bit
10. Battery usage: up to 10 minutes of continuous use
11. Wireless communication: up to 5m
1.3 Design and Development Methodology
The design and development methodology can be summarized as follows:
1. Performed an analysis of the AD9 Doppler simulator to identify the limi-
tations of the current DDS processor.
2. Researched viable alternatives for the DDS processor and microcontroller
that can meet the design requirements.
3. Attained data of live golf shots from a Doppler radar and modeled this
data so that it can be simulated using the DDS method.
4. Performed a quantitative simulation of the DDS method.
5. Compared simulated data with measured results.
6. Used open-source simulation software for signal generation and RF design,
a combination of Scilab [16] and Octave [17].
4
1.4. SCOPE AND LIMITATIONS
7. Used an open-source compiler called the Arduino IDE [18] to code the
firmware of the Due Doppler simulator.
8. Used open-source circuit design software called Fritzing [19] to design the
peripheral circuits.
1.4 Scope and Limitations
The scope of this dissertation is confined to upgrading the electronic hardware of
the AD9 Doppler simulator. Furthermore, its application was evaluated only for
golf ball trajectories. No research or development was done on the RF hardware
itself nor will it be covered in detail, except were it is relevant to the dissertation.
Furthermore, a brief overview of FlightScope Doppler radars is covered in order
to give enough background information to aid the design and development.
As stated in the design requirements, only the golf ball trajectory represented
by its velocity profile will be simulated. A simple amplitude decay profile was
also simulated to represent a realistic profile. The azimuth and elevation angles
were not simulated even though these are measured by the radar. This would be
beyond the scope of this dissertation and would require further research.
1.5 Executive Summary
• Chapter 2: Literature Review
This chapter presents a selection of key theoretical topics that were involved
in the design and development of the Due Doppler simulator.
• Chapter 3: Feasibility Study
This chapter provides an argument for the selection of the Arduino Due as
a viable microcontroller to upgrade the AD9 Doppler simulator.
• Chapter 4: Design of the Due Doppler Simulator
This chapter discusses the design approach, the analysis of the AD9 Doppler
5
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simulator, and the design of the Due Doppler simulator.
• Chapter 5: Firmware and Hardware Integration
This chapter focuses on the firmware and hardware integration based on
the design in the previous chapter.
• Chapter 6: Evaluation of the Due Doppler Simulator
This chapter evaluates the functionality of the device to assess whether it
has met the design requirements.
• Chapter 7: Results and Findings
This chapter provides a summary of the results and findings that was
achieved in this dissertation.
• Chapter 8: Conclusions and Recommendations
This chapter highlights the achieved objectives of this dissertation and




The purpose of this section is to provide an overview of the literature that formed
part of the research and development of this dissertation. This chapter will
cover four sections. The first section will provide background information about
Doppler radars, the Doppler effect, and the radar range equation. The second
section will cover RF frequency synthesis, how RF mixers operate, and the fun-
damentals behind in-phase and quadrature (IQ) signals. The third section will
discuss the principles behind the DDS method and how it functions. The final
section will provide an overview of golf ball flight dynamics.
2.1 The Fundamentals of Doppler Radars
A standard Doppler radar transmits an RF signal into free space and measures
signal reflections from its environment. Moving objects interact with the RF
signal and reflect it back to the radar as an echo. This reflected signal has a
phase difference relative to the transmitted signal. The Doppler frequency is
the rate of change of this phase. Furthermore, the Doppler frequency is used to
determine the radial velocity of an object as well its orientation towards or away
from the radar [20]. Objects moving away from the radar have a lower Doppler
frequency compared to objects moving towards the radar. This effect can be seen
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in Figure 2.1 which shows how a golf ball interacts with electromagnetic waves.
Figure 2.1: A representation of how the Doppler frequency changes whether it is
moving towards or away from the device measuring it [21].
It can be observed that if the ball is moving towards the radar it appears that
the ball is compressing the waves in front of the ball. This results in a shorter
wavelength and therefore a higher Doppler frequency. The converse is also true,
if the ball is moving away from the radar the wavelength is longer and hence has a
lower Doppler frequency. In order to determine the radial velocity of projectiles,






Where vr is the radial velocity, λ the wavelength, and fd the Doppler frequency





Where c is the speed of light and fRF is the transmitted RF signal [20]. The
amplitude of the signal is a measure of the returned signal strength. As the
target moves away from the radar, the radar will measure its Doppler frequency.
However, in some cases, it won’t be able to measure the target along its full
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trajectory as the received signal power from the target reduces at a rate of 1
R4
,
where R is the range to the target relative to the radar [20]. Furthermore, the
signal amplitude decays to below the noise floor of the system which makes it
undetectable. This can be further observed by the ideal radar range equation






• Pt = transmitted power [W ]
• Pr = received power [W ]
• Gt = transmitter gain
• Gr = receiver gain
• σ = radar cross section (RCS) [m2]
• λ = wavelength [m]
Figure 2.2: The relationship between the range and signal power received by a
target moving away from the radar [22].
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The signal power versus range is further represented in Figure 2.2. Where Smin is
defined as the minimum signal power received. These two fundamental properties
of Doppler radars are key features to this dissertation.
2.2 RF Frequency Synthesis
RF frequency synthesis is a fundamental building block of radars. It covers a
wide range of techniques such as frequency multiplication and division, DDS,
frequency mixing, and phase-locked loops. One of the techniques that is funda-
mental to this dissertation is frequency mixing via an RF mixer.
2.2.1 RF Mixer
The function of an RF mixer is to multiple two input ports or signals together
which produces an output signal [23]. By convention, the two input ports are
called the radio frequency (RF) and local oscillator (LO) ports respectively. The
output port is called the intermediate frequency (IF). This arrangement is called
the down-conversion method (DCM), this means that a higher RF input fre-
quency is changed to a lower baseband frequency [24]. The RF input signal can
be represented by the equations below:
fRF = A sin(w1t), (2.4)
fLO = B sin(w2t). (2.5)
Where ω is represented as 2πf0 and f0 is the carrier frequency. Then by multi-
plying Equation 2.4 and 2.5 the output of the IF signal can be shown as:
fIF = AB sin(w1t) sin(w2t). (2.6)
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Equation 2.6 can be expanded as a product-sum trigonometric [25] identity de-
fined as:






So the output of the mixer can be represented by two frequencies as shown below:
fIF1 = fRF + fLO, (2.8)
fIF2 = fRF − fLO. (2.9)
As mentioned before, this configuration of having the IF as the output of the RF
mixer is known as the down-conversion method (DCM). Another format is to
interchange the RF and IF signals. This is known as the up-conversion method
(UCM) [24]. So the new configuration becomes the following:
fRF1 = fLO + fIF , (2.10)
fRF2 = fLO − fIF . (2.11)
For the purpose of this dissertation, the focus will be on the UCM. The outputs
fRF1 and fRF1 are known as the upper-sideband (USB) and lower-sideband (LSB)
signals respectively [24]. As mentioned earlier, an object moving towards the
radar will have a higher Doppler frequency and can be observed as the USB. The
object moving away from the radar will have a lower Doppler frequency which
can be observed as the LSB. Since golf balls are measured moving away from
the radar, the USB needs to be suppressed and the LSB amplified to improve
tracking on this sideband. One way to achieve this is to use a single-sideband
(SSB) RF mixer [24]. This type of RF mixer uses phase cancellation coupled
with complex IQ processing to resolve the USB and LSB [24]. In order to do
this, the real part of the LO and IF signals need to be converted to complex
IQ signals that have a 90◦ phase offset. These signals are still analog at this
point and therefore are real. In the first case, a SSB RF mixer has an internal
quadrature phase shifter that generates two complex IQ signals from the LO
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signal to produce the following:
LOI = sin(w1t), (2.12)
LOQ = cos(w1t). (2.13)
Furthermore, the IQ part of the IF signal is generated digitally by the DDS
method through two DACs. They are then represented as:
IFI = sin(w2t), (2.14)
IFQ = cos(w2t). (2.15)
The SSB RF mixer then mixes these two IQ signal pairs. A block diagram of an
IQ RF mixer can be seen in Figure 2.3. The LSB is required so the two I signals
Figure 2.3: A block diagram of an RF upconversion mixer [24].
and the two Q signal pairs are mixed. The output signal of the SSB RF mixer
can therefore be represented by the following:














2.2. RF FREQUENCY SYNTHESIS
The two LSB signals are added and the two USB signals are cancelled since they
have opposite signs. The resulting RF signal can be represented by the following:
RF = (cos(w1 − w2)t). (2.16)
This process can be observed in Figure 2.4.
Figure 2.4: A representation of the output of the RF mixer showing the lower
and upper sidebands RF1 and RF2 around the carrier frequency LO. Through
the SSB RF mixer the USB, RF2, is suppressed as shown on right.
This is the ideal case. When RF signals are mixed in practice, intermodulation
products are formed due to the nonlinearity of the mixer. This effect is seen by
frequency multiples of the actual frequencies [26].
2.2.2 In-Phase and Quadrature Signals
A fundamental feature of frequency synthesis and determining the direction of a
target is dependent on IQ signals. The definition of IQ signals are two identical
waveforms that have a 90◦ phase offset relative each other. This can be seen in
Figure 2.5.
It can be observed that I is leading Q. Through the UCM configuration of an
SSB RF mixer, this would produce an RF frequency slightly below the LO as
the opposite complex pairs would be multiplied together by the SSB RF mixer
13
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Figure 2.5: A representation of the I and Q waveforms showing how I is leading
Q.
to generate the LSB. Similarly, if Q was leading I the RF frequency would be
slightly above the LO and would then generate the USB. Furthermore, these
waveforms can be represented as follows:
y = I sin(wt) +Q cos(wt). (2.17)
IQ signals form a fundamental part of RF frequency synthesis and the DDS
method. This shall be seen later in this dissertation.
2.3 The Principles of DDS
The term DDS refers to either a method of direct digital synthesis or a device
known as a direct digital synthesizer. Both terms refer to generating analog
signals using digital techniques [28]. This dissertation will primarily refer to
DDS as a method, unless otherwise stated. The DDS method consists of a
reference oscillator, a numerically controlled oscillator (NCO), and a digital-to-
analog converter (DAC) [29]. The reference oscillator provides the frequency
14
2.3. THE PRINCIPLES OF DDS
accuracy of the DDS and acts as the clock to the NCO. The NCO uses the
clock to generate a quantized version of a digital waveform. The period of this
waveform is controlled by a tuning frequency. The quantized waveform is then
converted by the DAC to an analog signal. The term “waveform”, is used to refer
to a theoretical or digital representation of periodic function whereas a “signal”
refers to an analog periodic function. The NCO itself can be divided into three
more parts which can be seen in Figure 2.6. The first part involves generating
a waveform look-up table (LUT) [30]. This LUT is an array in memory that
contains the amplitude values of a template waveform. The second part is a
phase accumulator (PA) which is a high resolution counter. Its output is used
as the index value for the LUT. The final part of the NCO is the tuning word
or phase increment (PI). This is the ratio of the desired frequency and reference
clock of the embedded hardware used to tune the PA.
Figure 2.6: A flow diagram of the DDS method showing the NCO and DAC
operation [31].
2.3.1 Look-Up Table
The LUT is a table of amplitude values representing a waveform. The size of the
table and waveform determines the final output of the DDS method. In most
cases a sine or cosine waveform is used although square waveforms can also be
generated. The length of the table (lLUT) determines the phase resolution of the
15
2.3. THE PRINCIPLES OF DDS





The width of the table (wLUT) determines the amplitude resolution which is
usually designed to fit the voltage range of the DAC (VDAC). This is calculated






The phase accumulator consists of an n-bit adder and tuning register, which
generates an n-bit value on each new clock-cycle. Each output consists of the
previous output added with the PI. Over a successive amount of clock-cycles
the output forms a staircase shaped waveform. This is an accumulating value
that is associated by a certain step size, gradient and cutoff point. The PA
requires a high precision bit resolution to achieve a fine frequency resolution
which is usually achieved with floating point arithmetic. However, for embedded
processors, using floating point arithmetic requires many instructions which can
cause a bottleneck for the DDS method. Thus, an alternative procedure is to
use fixed point arithmetic as a simple way of representing the same precision as
floating point numbers. This is done by scaling the PA value as a large n-bit
value and then performing finite increments by overflowing into successive bits.
The final result of the PA is to provide an index value for the LUT. The LUT and
output of the PA needs to match in terms of bit size. However, the PA values
is usually a lot larger than the LUT as it needs to use fixed point arithmetic
[32][33]. To cater for this, the PA value has its lower bits truncated in order
to match the LUT. Figure 2.7 shows a phase wheel representation of the PA
and how through each successive phase step it accesses the LUT to generate the
waveform.
Lastly, the frequency resolution (fres) of the PA can be determined by using the
following equation. Where fs is the sampling frequency and N is the resolution
16
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Figure 2.7: A representation of the phase accumulator as a phase wheel and how







The PI is one of the inputs to the PA and is the ratio of the tuning frequency and
reference oscillator, it also determines the slope of the PA. This is done through





The PI also needs to be scaled to the same number of bits used by the PA.
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2.3.4 Digital-To-Analog Converter
A DAC converts digital waveforms to analog signals by assigning a voltage pro-
portional to the discrete numerical value that it is given. The rate at which
the DAC assigns these voltages is the sampling frequency of the DAC where the
maximum sampling frequency is usually in the megahertz range [34]. According
to Nyquist’s sampling theorem [35], for the DAC to reconstruct these waveforms
as analog signals, the sampling frequency needs to be at least twice that of the
highest frequency of the reconstructed waveform. Furthermore, the output of the
DAC has a quantized profile. In order to smooth this analog signal a low-pass
filter (LPF) is used.
2.4 Golf Ball Flight Dynamics
This section aims to provide a general overview of the sport of golf, its terminol-
ogy, and golf ball flight dynamics that are relevant to this dissertation.
2.4.1 Golf Terminology
There are various terms that are unique to golf. Since the application of the
Doppler simulator is for golf, these terms will be used where it is necessary.
• Clubs: A variety of different clubs are used in golf. Each with different
shaft length, club head size, and face angle. The three main types of clubs
that will be discussed are a Driver, a 6 Iron, and a Pitching Wedge. These
will be used to refer to the type of ball that was hit. For example, a
Driver is used to hit the ball the furthest, with the highest velocity, and
lowest launch angle. A Pitching Wedge is used to hit the ball the shortest
distance, with the lowest velocity, and highest launch angle. A 6 Iron is in
between a Driver and a Pitching Wedge [36].
• Impact: The moment the player strikes the ball with the club.
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• Ball Flight: The path of the ball after impact while it is in the air. This
may be referred to as a “shot” as well. This does not include the first
bounce or what happens thereafter, that is known as the “roll” [36].
• Carry: This is the total distance or range the ball has covered during its
ball flight.
• Loft: This is the angle the club face makes with the shaft. The more loft
the club has the larger the launch angle. For example, a Driver may have
a 2◦ loft while a Pitching Wedge may have a 45◦ loft [36].
Figure 2.8: The shaft loft [37].
• Spin: This is the rotation of the golf ball around its axis which is usually
given as backspin. A Driver may produce a spin of 2000 revolutions per
minute (RPM) while a Pitching Wedge may produce a spin of 8000 RPM
[37].
Table 2.1 shows some typical metrics that can be expected from professional
golfers for Driver shots.
Table 2.1: A table of metrics that can be expected from professional golfers [37].
Player V (m/s) Launch Angle (deg) Spin (rpm) Carry (m)
Vijay Singh 78.68 10.7 2600 282.46
Robert Allenby 71.97 8.5 2390 274.59
Peter Lonard 75.10 11.7 2673 268.38
Phil Mickelson 79.57 13.0 2200 281.64
Ernie Els 77.78 11.5 2400 292.24
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2.4.2 Flight Dynamics
The primary factors that effect the golf ball trajectory are the launch velocity,
spin, drag, and launch angle. These are closely related to the club that is being
used to strike the golf ball. For example, the loft of a club may cause a higher
spin and launch angle, while the swing speed of the club will have a significant
effect on the launch speed [37]. The effect can be visualized in Figure 2.9. It
shows the relationship between the velocity profile and the height relative to the
range using a generic golf model [38]. This model uses the initial launch velocity,
spin, drag, and launch angle to generate the trajectory. It can be observed that
the velocity profile has a consistent decay profile, then at the end of the velocity
profile there is a slight increase in velocity. This is due to the ball accelerating
after it has reached its apex. This effect shall be seen later with data captured
from the Doppler radar.
Figure 2.9: This figure shows the representation of the velocity and height profile




This section will assess the value of upgrading the AD9 Doppler simulator. As
mentioned in the design requirements, the main purpose of the upgrade is to
have a new Doppler simulator that would be able to simulate the velocity profile
of a golf ball trajectory. This section aims to focus on the main limitations of the
AD9 Doppler simulator and then provides possible solutions to meet the design
requirements.
3.1 Doppler Simulator Solutions
The AD9 Doppler simulator uses a AD9854 DDS CMOS processor [39]. This
is a dedicated DDS device that was designed to generate digital waveforms and
then convert them to analog signals. However, the AD9854 is limited in its
control over its two IQ DAC outputs. It allows for amplitude and frequency
modulation (FM), with phase shift keying, and other features like FM chirp
functionality. However, it does not cater for variable phase modulation since the
electronic DDS has a fixed phase offset of 90◦. The purpose of the AD9 Doppler
simulator was to simulate a constant velocity of 3.5 kHz at varying amplitudes.
In theory, it is capable of producing a varying velocity profile matching that
of a golf ball trajectory. However, due to newer and cheaper technology, other
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electronic hardware was investigated. As discussed in the literature review, the
DDS method is a numerical process that uses a PA and LUT to generate a variety
of waveforms. These digital waveforms are then processed by two DACs to
generate quadrature IQ signals. Therefore, the DDS method and two dedicated
DACs are critical to meeting the design requirements.
In electronic prototyping, the Arduino series of development boards has been
used by hobbyists for a variety of projects [40] [41]. Once such area is that of
frequency synthesis. A variety of Arduino projects have been developed that
use the Arduino Uno and the DDS method as a simplistic sinewave generator
[42] and a basic audio player [43]. There are also dedicated Arduino shields
that use the AD9851 DDS CMOS processor, similar to the AD9854, to generate
high frequency waveforms that can be integrated with the Arduino development
boards [44].
Taking into consideration the budget for the upgrade, the Arduino Uno was
considered as the first choice since they use cheap 8-bit 16 Mhz Atmel processors.
The main problem with these microcontrollers is that they have no dedicated
DACs as part of the processor architecture. However, there are two solutions
to this problem. The first solution is to generate a DAC through its dedicated
PWM pin, although this only give an 8-bit DAC resolution. The second solution
would be to use an Arduino peripheral board called “breakout boards” that
can be attached to the Arduino Uno. Such a board is the MCP4725 which has
a dedicated 12-bit DAC that is operated by the I2C bus of the Arduino [45].
However, this would require further components along side the Arduino Uno.
Further research into the Arduino library of projects showed a simple waveform
generator using the Arduino Due microcontoller [15]. This is a unique Arduino
board that uses an Atmel Arm Core 84 MHz processor which has two dedicated
12 bit DACs. Furthermore, the Arduino Due has been used in simple stereo
audio player applications using the DDS method [46][32]. This means that each
DAC could also serve as IQ signals. These boards are also cheap and available
in large quantity. However, the true comparison would be between the Arduino
Due’s microntroller, the SAM3X8E [47], and the AD9854 DDS procssor used in




The Arduino Due uses a 32-bit ARM core processor called the SAM3X8E. It
is has the fastest processor in the Arduino series with a clock rate of 84 MHz.
Most importantly it has two internal 12-bit DACs so no extra breakout boards
are required. Furthermore, this Arduino is a multi-purpose microcontroller which
includes a variety of I/O pins and a USB communication interface. As mentioned
earlier, the Arduino Due has been used before in DDS and frequency synthesis
applications. A comparison of the Arduino Due’s microcontroller, the Atmel
SAM3X8E, and the AD9854 processor is shown below:
Table 3.1: A comparison of the two DDS processors
AD9854 SAM3X8E
Parameter
Clock Rate (MHz) 300 84
Integrated DAC 2 2
DAC Resolution (bit) 12 12
DAC Sample Rate (MSps) 300 2
Tuning Frequency (bit) 48 32
Output Voltage (V) 3.3 3.3
RAM (kB) NA 96
Flash Memory (kiB) NA 512
Operating Temperature (°C) -40 to 85 -40 to 85
Price (R) [48][49] ∼ 1500 ∼ 270
One can see that the AD9854 out performs the SAM3X8E on most of the param-
eters, excluding the price. The actual price of the complete Arduino Due board
is approximately R450 [50] which is also less than the AD9854 processor. It is
important to note that the AD9854 is a dedicated DDS processor and has been
designed specifically for high-end synthesis, processing and communication. This
can be seen with the large difference in the DAC sample rates. This is because
the AD9854 has an electronic DDS component. Whereas the Arduino Due uses
a firmware based DDS that is limited by the interrupt routines of the timers.
However, this allows for a unique feature of the SAM3X8E. That is, it is able to
simulate multiple targets moving towards or away since it can generate multiple
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DDSs. In summary, the Arduino Due with its SAM3X8E microcontroller does
meet the design requirements according to its specifications. Furthermore, the
upgrade is more flexible and relies on open-source platforms. This allows for
additional functionality to be incorporated in the future, should the need arise.
The proposed Arduino development board chosen for the upgrade was the Ar-
duino Due. The main reasons was because of its two internal 12 bit DACs,
price, and usage in frequency synthesis applications. Furthermore, this is a sin-
gle board that requires no further build time or electronic hardware to function,
whereas the AD9854 is only a processor. The rest of this study will investigate
the feasibility of using the Arduino Due to upgrade the AD9 Doppler simulator.
The upgraded AD9 Doppler simulator will further be known as the Due Doppler
simulator in the rest of this dissertation.
3.3 Chapter Summary
This chapter aimed to propose the Arduino Due as a suitable upgrade for the
AD9 Doppler simulator. It showed that the Arduino Due has implemented the
DDS method before with its two DACs. It also showed a comparison between the
two processors and showed that although the SAM3X8E is a low-end processor




Design of the Due Doppler
Simulator
This chapter looks at the design of the Due Doppler simulator. There are three
main areas of design in this dissertation. These are electronic hardware, RF
design, and signal processing. This chapter begins by analyzing the features of
the AD9 Doppler simulator and identifies how it operates. It then discusses how
the AD9 Doppler simulator can be upgraded to meet the design requirements.
Thereafter, the velocity flight models are derived using empirical data measured
by a Doppler radar. Lastly, the design of the firmware and electronic hardware
is discussed.
4.1 System Design
The Doppler simulator is a system of electronic components that is integrated
with firmware to simulate a velocity profile. As discussed in the feasibility study,
the Arduino Due was chosen as a suitable upgrade for the AD9 Doppler simulator.
In order to design the upgrade, the dissertation will follow a design cycle process
that consists of analysis, synthesis, and evaluation. That entails analysing the
existing Doppler simulator to see how it operates. Then through synthesis, design
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and integrate the Arduino Due into the existing Doppler simulator. And finally,
evaluate the upgraded device to assess whether or not it has met the design
requirements. These three parts of the design process will be covered in the
following chapters.
4.2 Analysis of the AD9 Doppler Simulator
The first part of the design process is to analyze the existing Doppler simulator
and assess how it should be upgraded. The section that follows will analyze the
overall operation and functionality of the AD9 Doppler simulator.
The AD9 Doppler simulator is a passive device that was designed to simulate a
constant velocity profile. A top view of this device is shown in Figure 4.1.
Figure 4.1: A top view of the AD9 Doppler simulator
It is operated in conjunction with a Doppler radar which transmits a carrier
signal that is received by the antenna of the Doppler simulator. This carrier
signal is then modified with a Doppler frequency and is transmitted back to the
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Doppler radar. The Doppler radar then interprets the Doppler frequency as a
moving target relative to the radar. This data is then downloaded to a PC and
analyzed. An overview of this is shown in Figure 4.2.
Figure 4.2: A layout of how the current AD9 Doppler simulator is used relative
to a Doppler radar.
The main components of the AD9 Doppler simulator are the following:
• Antenna: X-band 4x2 patch antenna that receives and transmits RF signals
• RF Board: Comprises of an SSB RF mixer, the HMC521 [51], and an
NBB-300 amplifier [52]
• Circulator: Allows for sharing of a single antenna for receive and transmit
• DDS Processor: The AD9854 CMOS DDS processor
• DDS Board: The board that operate the DDS processor and powers the
RF board. It also serves as a communication link to program the DDS
processor
• Phase Shifter: This board shifts the phase between the I and Q signals to
compensate for RF mixer offsets
• Housing: Contains all the components of the Doppler simulator
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The SSB RF mixer, shown in Figure 4.3, requires two input signals called the
LO and IF, which generates an output signal called the RF. These IF signals
are generated by the DDS board which is made up of the AD9854 processor,
peripheral components, and a phase shifter board. The purpose of the AD9854
DDS processor is to generate quadrature IQ signals. These signals are fed to
a LPF and blocking capacitor and then fed to the phase shifter board which is
used to tune the phase of the IQ signals to compensate for RF mixing offsets.
The peripheral components provides power and acts as the communication link
to program and control the DDS processor. The device is powered with 12V
DC and communication is via an RS232 connection. The housing houses all
these components with the antenna placed on the outside of the device. These
components are shown in Figure 4.4.
Figure 4.3: An image of the “HMC521” RF mixer showing the input pins of LO
and IF1 and IF2. As well as showing the RF output pin.
The firmware operation of the device has two states. It is either simulating or on
standby. When it is simulating, it simulates a fixed frequency of 3.5 kHz. The
only variable that can be controlled is the amplitude. The firmware flow diagram
of the device can be seen in Figure 4.5.
Lastly, the top view of the RF board is shown in Figure 4.6
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Figure 4.4: A block diagram showing the main components of AD9 Doppler
simulator.
Figure 4.5: A functional flow diagram of how the AD9 Doppler simulator is
operated and showing its various modes.
Appendix C shows the outputs generated by the AD9 Doppler simulator. Further
details about the device can be found in Appendix B and C. The next section
will begin the discussion about upgrading the Doppler simulator.
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Figure 4.6: A top view of the RF board.
4.3 Synthesis of the Due Doppler Simulator
This section will discuss the design behind upgrading the AD9 Doppler simulator
to the Due Doppler simulator. Since the RF hardware functionally performs the
task of simulating the Doppler signal, the only part of the AD9 Doppler simulator
that needs to be replaced is the DDS board.
4.3.1 System Operation
The operation of the Due Doppler simulator will follow the same general structure
as the AD9 Doppler simulator. The only difference will be, that it will be able to
generate varying velocity profiles. Using the block diagram of the AD9 Doppler
simulator as a template, the general structure of the Due Doppler simulator is
shown in Figure 4.7.
The first phase of the design is to generate the velocity profile. To do this, the
characteristics of the velocity profile for various golf balls in flight need to be
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Figure 4.7: Flow diagram of the Due Doppler simulator function.
determined.
4.4 Flight Model Design
The literature review briefly discussed golf ball trajectories. This section will
take an empirical approach to designing the flight models. It will take golf shots
measured by the Doppler radar and fit polynomials to the actual velocity profile.
From this, a flight model will be derived and then simulated by the Doppler
simulator.
4.4.1 Empirical Simulation
The literature review briefly discussed golf ball flight dynamics. It also showed
how the velocity profile was compared to the range profile. By using an empirical
approach, the velocity profile can be extracted from the measured golf ball flight
data. This was done by recording data from a Doppler radar for three different
types of golf shots. These are defined by the types of clubs that are used, namely
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a Driver, a 6 Iron, and a Pitching Wedge.
4.4.2 Velocity Profile
In Figure 4.8 the measured raw Doppler data of a 6 Iron golf shot from one of
the channels of a Doppler radar is shown. The figure shows the sampled voltage
level amplitude versus time.
Figure 4.8: Raw Doppler data of a 6 Iron golf shot.
One can observe that there is an initial burst of energy just before 500ms, this
represents the impact point of the club with the ball. Thereafter, there is a sud-
den decrease in energy. Just before one second a gain switch occurs which is used
to amplify the signal, as the signal of the ball gets weaker as it travels further
away from the radar. The literature review showed the relationship between
the Doppler frequency and the radial velocity of a moving object. However,
since the data was captured in the time domain, the change in frequency and
hence the change in velocity cannot be derived easily. In order to evaluate the
Doppler frequency the Doppler data from the time domain needs to be trans-
formed into the frequency domain by using the fast-Fourier transform (FFT)
method. However, this would only provide the frequency spectral content over
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a certain period of data. To cater for the changing frequencies, a spectrogram
needs to be implemented. A spectrogram is implemented by doing short-time
FFTs that overlap with each other over the entire data set. To determine the
velocity profile from a spectrogram plot, the largest peak in each short-time FFT
segment is determined and then this is plotted to represent the velocity profile
[53]. The function “specgram” in Octave was used to perform the spectrogram.
This function also requires certain parameters to implement a spectrogram [54].
Each FFT is regarded as segment that makes up the entire spectrum. Choosing
an appropriate size of the segment will determine the resolution of the frequency
spectrum. Before an FFT is done on a segment, it is windowed using a hanning
window by default. The choice of the window is important consideration as it
determines the time-frequency resolution [53].A gradual window may show more
harmonic features whereas a steeper window averages these features to produce
the most dominant frequency. Between each succesive FFT there is a step size
which controls the time scale. To gain better interpolation between frequency
points, the FFT length can be set to be larger than the window length. Another
parameter is the overlap which specifies the number of samples to overlap be-
tween successive segments [54]. The final parameter is the frequency resolution.
This is specified by the sampling rate that the samples were captured at. A
summary of the spectrogram parameters can be seen in Table 4.1. Using these
Table 4.1: Spectrogram Parameters
Parameter Value
1 FFT Segment Size 1024
2 Sampling Frequency 17045 Hz
3 Window Type Hanning
4 Window Length 1024
5 Overlap 512
parameters a spectrogram of the 6 Iron Doppler data was performed, this result-
ing spectrogram plot is shown in Figure 4.9. It can be observed that a decreasing
frequency profile begins at around 200 ms and ends at about 5 s. It can also be
observed that there is a steep increase in frequency at 200 ms. This frequency
profile relates to the golf club velocity profile. Lastly, the signal amplitude of the
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signal becomes too weak after 4.5 s and is eventually lost.
Figure 4.9: A spectrogram plot of the raw Doppler data of a 6 Iron golf shot.
The purpose of doing a spectrogram plot is to be able to display the velocity
profile of a golf ball in flight. Thereafter, the largest peaks were tracked in each
segment and then a polynomial line was fit to this profile. This became the flight
model for each golf shot which excludes the profile before impact. However, most
of the ball is in a region where there is a lot of noise and therefore it may track
on spurious points. To normalize the noise, the average noise value for a seg-
ment was determined in that region and then subtracted from all the segments,
hence normalizing the entire spectrum. A second order polynomial was chosen
to model the velocity profile as this represented each velocity profile closely. An
exponential fit was also attempted, although it did not fit the slight accelera-
tion of the golf ball at the end of the profile. The polynomial coefficients were
determined by using the “polyfit” function in Octave [55]. This function does
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a polynomial interpolation of the input data and returns coefficients that mini-
mizes the least-squares error. The polynomial coefficients for the tracked velocity
profile in Figure 4.9 were determine and applied to a second order polynomial
equation as shown below:
y(t) = 141t2 − 1149t+ 3696. (4.1)
As a comparison this polynomial was plotted and compared with the measured
data as shown in Figure 4.10.
Figure 4.10: A polynomial fit on the velocity profile of the 6 Iron golf shot.
The arithmetic mean µerror and standard deviation σerror was taken to determine












(xi − x̄)2. (4.3)
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These were calculated to be the following:
µerror = −0.48 Hz,
σerror = 19.78 Hz.
The next type of golf shot that was modeled was a Driver. The raw Doppler
data and spectrogram plot in Figure 4.11 and in Figure 4.12 are shown.
Figure 4.11: Raw Doppler data of a Driver golf shot.
Its second order polynomial equation was determined to be:
y(t) = 133t2 − 1131t+ 4724. (4.4)
Furthermore, the polynomial fit was plotted and this was compared to the mea-
sured data as shown in Figure 4.13.
Then the arithmetic mean and standard deviation was taken to determine the
error between these two plots:
µerror = 1.95 Hz,
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Figure 4.12: A spectrogram plot of the raw Doppler data of a Driver golf shot.
σerror = 18.28 Hz.
The last type of golf shot that was modeled was a Pitching Wedge. The raw
Doppler and spectrogram plot is shown in Figure 4.14 and Figure 4.15 respec-
tively.
Below is its second order polynomial fit:
y(t) = 117t2 − 829t+ 2665. (4.5)
As a final comparison, the polynomial fit was plotted and compared with the
measured data as shown in Figure 4.16.
Then the arithmetic mean and standard deviation was taken to determine the
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Figure 4.13: A polynomial fit of the spectrogram plot of the raw Doppler data
of a Driver golf shot.
Figure 4.14: The raw Doppler data of a Pitching Wedge golf shot.
error between these two plots:
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Figure 4.15: The spectrogram of the raw Doppler data of a Pitching Wedge golf
shot.
µerror = 0.47 Hz,
σerror = 17.82 Hz.
These three equations that were derived from the spectrogram plots became the
flight models. These will be used to simulate the velocity profiles. Table 4.2
below shows a summary of the modeled results in Hz.
Table 4.2: Modeled golf shot comparison versus real data in Hz
Golf Shot µerror (Hz) σerror (Hz)
Driver 1.95 18.28
6 Iron -0.48 19.78
Pitching Wedge 0.47 17.82
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Figure 4.16: The polynomial fit of the spectrogram of the raw Doppler data of a
Pitching Wedge golf shot.
4.4.3 Amplitude Profile
The literature review discussed the signal power relative to its range of a tar-
get represented by the radar range equation. Besides the velocity profile that
can be deduced from the spectrogram, the decreasing amplitude profile can be
determined as well. The intensity or signal strength of the velocity profile is
represented by the colour bar. The frequency with the highest amplitude is rep-
resented by the colour red and lowest with the colour blue, as shown in Figure
4.15. Although this was not a design requirement for simulating the golf ball
trajectory, it is still useful to include. To guarantee a ball only amplitude decay,
the region from the impact point until the gain switch was ignored as this region
includes club and player movement. In Figure 4.17 the derived amplitude profiles
from after the gain switch was shown until the end of the tracks.
It can be observed that a similar decay profile is present in each plot. Further-
more, the Pitching Wedge appears to have a larger initial amplitude compared
to the Driver and 6 Iron. This is to be expected as the Pitching Wedge has a
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Figure 4.17: The amplitude profile of the three golf shots.
lower radial velocity at the gain switch instant compared to the other shots. This
means that the Pitching Wedge shot is closer to the radar at that time instant.
From these plots an exponential decay was fitted to each of these profiles. These
amplitude profiles will be used to simulate each of the different type of golf shots.
This can be seen in Figure 4.18.
The exponential equation has a variable called the retardation factor “Rn” which
represents the attenuation of the signal. This can be seen in the equation below:
A(t) = A0e
−Rnt. (4.6)
Below is a table of retardation values that was determined for each of the am-
plitude profiles:







Figure 4.18: The exponential fit on the amplitude profile of the three golf shots.
It shall be seen later how amplitude modulation was implemented on the I and
Q signals.
This section aimed to derive velocity profiles from actual Doppler data so that
they can be used to simulate them on a Doppler simulator. In addition, a simple
amplitude model was derived as well. The next section will discuss how the
Due Doppler simulator will operate and the design behind the DDS method to
simulate the flight models.
4.5 Firmware Design
The main function of the firmware is to operate the Due Doppler simulator in
such a way that it can simulate the flight models by using the DDS method.
This section will cover the firmware operation, serial communication, the DDS




The operation of the firmware for the Arduino Due is the core part of the device
as it controls and operates all the components. A flow diagram of the firmware
can be visualized in Figure 4.19.
On
Simulate 3.5 kHz









Figure 4.19: The flow diagram for the firmware for the Due Doppler simulator.
The flow diagram shows that when the Due Doppler simulator is in its “On” state,
then by default it would simulate 3.5 kHz at a constant amplitude. Thereafter,
it would be in the system while loop waiting for a serial message to change its
mode. There are six different modes that the Due Doppler simulator can be
in. The first mode is the “Simulate Flight Models” mode. This mode simulates
the three different flight models that were discussed in the previous section.
The next three modes all relate to when the device is in its default simulate
mode. The first refers to a “Modulate Frequency” mode which allows the user to
either increase or decrease the frequency by 50 Hz. The second is a “Modulate
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Amplitude” mode that allows the user to increase or decrease the amplitude of
the waveforms by 0.1 V. This mode also has a differential feature that allows the
user to increase or decrease the amplitude of the I waveform relative to the Q
waveform. The third is a “Modulate Phase” mode which is a feature that allows
the user to change the phase between the I and Q waveforms by 0.35◦. Then
there is a “Reset” mode that resets all the modes to the default state. The final
mode, “Stop”, halts all simulations.
4.5.2 Serial Communication
The AD9 Doppler simulator used serial communication via an RS232 to USB
converter to program and communicate with the device. A USB communication
link was specified since the Due Doppler simulator uses a USB serial communi-
cation link at 9600 bps to program and communicate with the microcontroller.
The other design requirement stated that there should be a wireless communi-
cation link with the device. This would enable easier diagnostic testing of the
device if any modes need to be changed. Two options are readily available for
the Arduino Due, that of a Wifi or Bluetooth module. A Bluetooth module was
chosen as the range of operation for the Doppler simulator is around 5 m.
4.5.3 DDS Method Design
This section will discuss the design behind the DDS method. The Arduino
Due allows independent control over each of the I and Q signals. This allows
for frequency, amplitude, and phase modulation and furthermore for golf ball
velocity profiles to be simulated.
The literature review mentioned two parts to the DDS method. The first is
the NCO and the second is the DAC. The NCO is the process in which the
waveforms are generated digitally using a LUT, PA, and PI. The DAC is used
to convert these digtal waveforms to analog signals. The general layout of the
NCO is shown in Figure 4.20.
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Figure 4.20: The flow diagram for DDS method [57].
Look-Up Table
The first part of the DDS method that needs to be designed is the LUT. The LUT
is a table of amplitude values representing a waveform. Three aspects of the table
need to be designed. These are the type of waveform, the table length (lLUT),
and its width. The type of waveform that was chosen was a sine waveform as it
needs to fit the same structure as the RF carrier. As mentioned in the literature
review, the length of the table determines the phase resolution of the generated









This results in a 0.35◦ phase modulation resolution. Then the width of the
table (wLUT) determines the amplitude resolution. From the datasheet of the
SAM3X8E microcontroller, it showed that it has 12-bit DACs at 2.2 V each. By








= 0.532 mV. (4.8)
The larger the LUT, the finer phase and amplitude resolution. However, the




The phase accumulator consists of an n-bit adder and tuning register. With
each new clock-cycle a new n-bit output is generated. Each output consists
of the previous output added with the PI. Over a successive amount of clock-
cycles the output forms a staircase profile. This is an accumulating value that
is associated with a gradient and cutoff point. The step size for the PA is
proportional to the sampling rate. The SAM3X8E uses an 84 MHz clock, and
allows timer prescaler values of 2, 8, 32, and 128. The AD9 Doppler simulator
used a sampling rate of 20 MHz. According to the spreadsheet, the Arduino
Due DAC registers uses the master clock divided by two to perform conversions
which results in 84MHz
2
= 42 MHz. The maximum conversion rate takes 25
clocks cycles to provide an analog result so 42MHz
25
= 1.68 MHz or 1.68 MSps -
although the datasheet stated 2 MHz. However, using the maximum sampling
rate is overcompensating for the frequency range that is required. Since the
largest measured frequency is less than 6 kHz, a sampling rate at 12 kHz would
satisfy the Nyquist rate. However, the minimum sampling frequency of the DAC
is 40 kHz. So it was decided to take a slightly larger sampling rate of 44 kHz
as it satisfies the minimum DAC sampling rate with some margin. The higher
sampling rate would also remove unwanted aliasing frequency components further
away from the band of interest.
The next section shows how the sampling frequency was implemented using the
microcontroller’s timers. The next parameter that needs to be chosen is the
bit resolution of the phase accumulator. The larger the bit resolution the finer
the frequency resolution. To achieve a finer frequency resolution with embedded
processors, fixed point arithmetic is used. This is a simple way of representing
the same precision as floating point numbers by using the overflow of bits. The
PA was chosen to have a 32-bit resolution. As noted in the literature review, the
value of the PA references to an index value in the LUT. Since the length of the
LUT is 10 bits long, there appears to be a mismatch between the number of bits
used in the PA and the LUT. However, as fixed point arithmetic caters for finite
increments by overflowing into success bits, the lower 22 bits is truncated from
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the PA output and the upper 10 bits is used as the index for the LUT.
Phase Incrementor
The PI is one of the inputs to the PA. It refers to the tuning frequency or tuning
register that determines the slope of the PA. The PI also needs to be scaled to
the same bit size as the PA. This is done through the following equation which













= 0.0102 mHz. (4.10)
In summary the DDS parameters are the following:
Table 4.4: A parameter list for the DDS process
Parameter Value
1 LUT Length (bytes) 10
1 LUT Width (bytes) 12
2 Sample Rate (kHz) 44.0
3 Phase Accumulator (bits) 32
To validate these design criteria, a simulation was done of the DDS method in
Octave.
In Figure 4.21, a correlation between the start of the PA with the start of the
sine waveform can be observed. Furthermore, the end of the PA ramp and the
end of the sine waveform are in line. Thereafter it resets. This, in essence, is
the DDS process. The time between the beginning of the ramp relative to the




Figure 4.21: A simulation of the DDS method.
This section focused on a single waveform, this will be called the I waveform.
However, the Doppler simulator requires two waveforms that are quadrature to
do frequency synthesis with the RF mixer. Another waveform, called the Q
waveform, needs to be generated as well. These I and Q waveforms are fed into
the IF1 and IF2 pins on the RF mixer respectively. In essence, the IQ signals
are exactly the same, they only have a phase offset relative to each other. The
next section will show how the offset was calculated.
4.5.4 Waveform Modulation
Three types of modulations can be formed on a waveform. These are frequency,
amplitude, or phase modulation. This section looks at how these three types of
modulation techniques were designed to be used for the Due Doppler simulator.
To implement the flight models discussed earlier, a method of changing the fre-
quency and amplitude at a certain rate needs to be developed. Similar to the
LUT for the DDS method, separate velocity modulation LUT (VMLUT) tables
for each of the flight models was designed. Since the data captured was chosen
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to stop at 4.5 s, the length of the LUT tables were taken to be this value. The
width of the LUT tables for frequency modulation ranged from 1000 to 5000 Hz
and for amplitude modulation it was taken proportional to the maximum voltage
range of the DAC which is 2.2 V. As noted before, the DDS LUT had a sampling
rate (fs) of 44 kHz. Similarly, the modulation LUTs needed to be sampled at
a much slower sampling frequency. This was determined from the spectrogram
which used 17045 as its sampling frequency (fspec) which came from the Doppler
radar. To determine the length of the VMLUT (lVMLUT), the VMLUT delta







= 0.03 s. (4.11)





The final type of modulation that needed to be designed was phase modulation.
The only design requirement was that these IQ waveforms needed to be 90◦ out
of phase to ensure a SSB from the RF mixer. As mentioned earlier, the length of
the LUT is a representation of the phase resolution. Furthermore, to achieve the
quadrature waveforms the Q waveform needs to be lagging by 90◦ to simulate
targets moving away. Since 90◦ refers to a quarter of a full waveform of 360◦,
the start of the Q waveform would need to be offset by a quarter of the length of
the LUT. The configuration of the Doppler radar uses a lagging Q to represent








4.6 Electronic Hardware Design
This section will discuss the electronic hardware that is required to perform the
simulation set out by the firmware as well as the peripheral components. The
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Arduino Due will be discussed in terms of its functionality and operation. This
section will also discuss the design of the passive filters, serial communication,
power consumption, and the general layout of all these components. Appendix
A shows some snippets of the datasheets used to design the components in this
section.
4.6.1 Arduino Due Overview
The Arduino Due is a development board that uses a 32-bit Arm core micron-
troller. It has the following specifications:
• Operating Voltage: 3.3 V
• Input Voltage: 7-12 V
• Digital I/O Pins: 54 (12 are PWM)
• ADC Pins: 12
• DAC Pins: 2
• Total DC Output Current: 130 mA
• DC Current for 3.3V Pin: 800 mA
• DC Current for 5V Pin: 800 mA
• Flash Memory: 512 KiB
• SRAM: 96 KiB
• Clock Speed: 84 MHz
• Length: 101.52 mm
• Width: 53.3 mm
• Height: 15 mm
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• Weight 36 g
A top view image of the Adruino Due is shown in Figure 4.22.
Figure 4.22: A top view perspective of the Arduino Due
The main feature that the Arduino Due possess over the other Arduino develop-
ment boards, is that it has two dedicated 12-bit DACs. Its 84 MHz Arm processor
is also unique as it allows for high speed processing and a high sampling rate for
the DDS method and DAC.
4.6.2 Passive Filter Design
It is known that the DDS method uses the DAC to convert the digital waveforms
to analog signals. However, this process results in two side effects. This first is
the quantization of the analog waveform and the second is a DC offset.
To filter the quantization, a first order low-pass filter needed to be designed.
This was added in line with the DAC pins. The main criteria for this filter is the
cutoff frequency. Since the largest frequency is under 5 kHz, a cutoff frequency
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The appropriate resistor and capacitor values were chosen as: R = 100 Ω and
C = 0.1 µF . In order to remove the DC offset or bias from the DAC signals,
a first order high-pass filter would need to be designed and then added in line
with the ouput of the LPFs. As with the LPF, the main design criterion is the
cutoff frequency which was designed to cater for the lowest frequency. From the
previous section, the lowest frequency was under 1.2 kHz. Subsequently, a cutoff
frequency of 500 Hz was chosen. The appropriate resistor and capacitor values
were chosen to fit this cutoff frequency and the impedance of the mixer. These
were chosen to be R = 330 Ω and C = 1 µF . Another important consideration
is the input pins of the RF mixer. According to its datasheet, these pins are
DC coupled. Furthermore, the datasheet states that a series blocking capacitor
should be used to pass the necessary IF frequency. This was fulfilled by the
capacitor in the highpass filter.
4.6.3 Serial Communication
The AD9 Doppler simulator used serial communication via a RS232 to USB
converter. Unlike the Arduino Uno that has a single UART, the Arduino Due
has 4 UARTs that can be used. The default Arduino baud rate was chosen as
9600 bps and initialized in the firmware. As stated in the design requirements, the
upgraded Doppler simulator needs to be operated wirelessly. Since the operating
range is under 10m, using Bluetooth would be an ideal solution. A common
Bluetooth module that is used for Arduino boards is the HC-06 module and is
shown in Figure 4.23.
These modules also use serial communication to communicate with an Arduino
board. Since the Arduino Due has multiple UARTs, this allows for the function-
ality of simultaneous communication between USB and Bluetooth interfaces.
UART 3 was used for the Bluetooth module and the baud rate was chosen as
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Figure 4.23: Bluetooth HC-06 Module [58]
9600 bps.
The Arduino IDE has a built-in serial monitor that allows serial communcation
to take place. For the Bluetooth interface, a smartphone app called “Serial Blue-
tooth Terminal” was used to communicate with the Arduino [59]. A schematic
diagram of these components integrated together can be seen in Figure 4.24.
Further details of how this was implemented will be discussed in the next chap-
ter.
4.6.4 Power Consumption
The Due Doppler simulator has two components that require a voltage source
from the Arduino Due, namely the amplifier on the RF board and the Bluetooth
module. According to the Bluetooth datasheet, it draws 8 mA at 3.3 V while
communicating. Then the RF board requires 5 V for the amplifier. Furthermore,
the two DACs initially supplied 2.2 V. However, this was too much for the RF
mixer, so the voltage supply was adjusted to 0.4 V for the IF pins on the RF
mixer. The resistor from the LPF, 100 Ω, and the load impedance from the RF
mixer, 50 Ω, translates to a driving current 2.6 mA. Which is suitable as it is
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Figure 4.24: A schematic diagram for the electronic components.
below the maximum source current of 3 mA for the IF pins.
One final design requirement was to make this device portable so it would run
on an external DC power supply. The voltage supply on the USB port is 5 V
with the maximum current rating on the Arduino Due at 800 mA. To meet the
requirements of 10 minutes usage time, a battery bank was chosen to use which
had a capacity of 2000 mAh.
Figure 4.25 shows the general layout of the Arduino Due, Bluetooth module, and
passive filters. A parts list for the components can be found in Appendix D.
4.7 Chapter Summary
This chapter covered the design behind the Due Doppler simulator. It first began
by analyzing the operation and features of the AD9 Doppler simulator. It then
discussed how the AD9 Doppler simulator would be upgraded to become the Due
Doppler simulator in terms of its operation. The chapter then transitioned to
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Figure 4.25: Electronic Hardware Layout
deriving flight models for three golf shots from empirical data. It then discussed
the firmware design by focussing how it would meet the design requirements with
a specific focus on the DDS method and waveform modulation. The final section





This section will focus on implementing all the aspects discussed in chapter 4.
The focus of this research is to upgrade the AD9 Doppler simulator with elec-
tronic hardware and firmware that is capable of simulating a golf ball trajectory.
The implementation was performed in two stages. The first stage was to imple-
ment the firmware designs mentioned in the previous chapter. The second was
to integrate the Arduino Due with the RF board. This consisted of powering the
RF board and connecting the IQ signals to the two IF inputs in the mixer.
5.1 Firmware Implementation
The main purpose of the Arduino Due board is to implement the DDS method
so that it can generate IQ signals that simulate the golf model profile. The
implementation of the DDS method will be covered in three sections which will
discuss the Arduino IDE, the main firmware functions, and the general firmware
operation.
The Arduino series of development boards uses a custom Arduino IDE that
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supports C and C++. The Arduino IDE also allows for a serial interface to
inspect messages on the serial ports. The contents of any Arduino program are
made up of files called “Sketches”. These “Sketches” are divided into three parts,
namely structures, values, and functions.
As with any piece of embedded code, it requires variable definitions that are
going to be used throughout the program. The compiler will interpret these
variables in various ways depending on how they are defined. The Due Doppler
simulator firmware used a variety of variables for timers, the DACs, the DDS,
serial communication, and modulation functions. Standard variable types were
used like integers, floats and chars. Other variable types were also used like hash
defines and volatile variables inside the interrupt routines.
The following list shows the layout of the firmware which comprises of 6 functions:
1. Create DDS Table







This function is initialized at startup in the Arduino’s “Setup” function. This
function uses a for loop to populate the DDS LUT array for a sine wave. As
mentioned in the design chapter, the size of the table is 12 by 10 bit. Since
the DAC does not generate negative voltages the range of amplitude values was




This function is also initialized at startup in the Arduino’s “Setup” function.
This function contains a for loop that populates the LUTs for the frequency and
amplitude modulations that simulate the flight models discussed previously. The
width of the LUTs are determined by the modeled amplitudes extracted from
the frequency and amplitude plots. The length of all the LUTs were set to 4.5 s
by using a 30 ms step interval determined by the spectrogram of the Doppler
data.
Setup
The “Setup” function is a standard Arduino function that forms part of the
main structure of any Arduino “Sketch” program. It is used to initialize variables,
serial communication, functions, timers, pin modes, and other libraries. The Due
Sketch used the “Setup” function to initialize the variables mentioned earlier as
well as the “DDS” and “MOD LUT” functions. It also initialized the USB and
Bluetooth serial communication at a baud rate of 9600, as well as the two DACs
whose registers were initialized to 12 bits. The two timers were also initialized
in this function. These are the timer 0 for the waveform modulation and timer
1 for the DDS method. Timer 0 is an 8-bit timer that is used to implement
the standard timer functions such as “delay()” and “millis()”. The Due Sketch
uses the “millis()” timer function to update the interrupt service routing (ISR)
to simulate the waveform modulation at an interval of 30 milliseconds. Timer 1
is a 16-bit timer whose registers are setup to generate the sampling frequency of
44 kHz that was discussed previously.
Loop
The “loop” function is similar to a “main” function in standard C IDEs. It occurs
after the “Setup” function and runs in a continuous loop performing whatever
instructions or functions it contains. Only two functions are called here, these
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are the “MOD Handler” and the “Serial Handler”.
Serial Handler
This function handles all the serial communication that is either from the USB
or Bluetooth ports. The USB serial communication was handled by UART 1
and the Bluetooth serial communication was handled by UART 3. The following
modes handled by this function are the following:
1. Simulate 3.5 kHz
2. Simulate Flight Models
(a) Driver Flight Model
(b) 6 Iron Flight Model
(c) Pitching Wedge Flight Model
3. Modulate Frequency
(a) Increase by 50 Hz
(b) Decrease by 50 Hz
4. Modulate Amplitude
(a) Increase by 10 %
(b) Decrease by 10 %
(c) Differential increase by 10 %
(d) Differential decrease by 10 %
5. Modulate Phase
(a) Increase the phase difference by 0.35◦





Once a serial command is sent via USB or Bluetooth, a debug message is returned
stating the mode change. An example of these messages is shown via USB and
Bluetooth in Figure 5.1 and Figure 5.2
Figure 5.1: A snapshot of the serial monitor used to communicate with the Due
Doppler simulator via USB
Figure 5.2: A snapshot of the app used to communicate via Bluetooth with the
Due Doppler simulator
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DDS Handler
The DDS handler uses the ISR timer 1 to initiate an interrupt at rate of 44 kHz.
At every instant that the interrupt is called the DDS method is performed. As
shown in the design phase, the DDS method is characterized by the NCO and
DAC. The amplitude value is extracted from the LUT and then used by the DAC
to generate an analog value. Since two DACs are used to generate the IQ signals,
the Q signal is shifted by 90◦ by a phase offset. The next section will show how
the amplitude, PI, and phase offset are the three variables that will be updated
to perform the amplitude, frequency, and phase modulation.
Modulation Handler
This function uses timer 0 to access LUT tables of the flight models. Similar to
how the ”DDS Handler” initiates a timer, this interrupt is initiated every 30 ms
as per the spectrogram step rate. At each interrupt instance, the next frequency
and amplitude value is enumerated in the LUTs and used in the DDS Handler
function.
5.2 Electronic Hardware Integration
The electronic hardware that was designed for the Due Doppler simulator consists
of the Arduino Due and the accessory board. It was integrated into the housing
by firstly taking the AD9 DDS board and phase shifter board out of the housing
and replacing it with the Arduino Due and its accessory board. As per the design
layout, the two DACs pins, 76 and 78, were wired to the input pins to the LPFs
on the accessory board. Pin 76 generates the I signal and pin 78 generates the
Q signal. Then the RF boards IQ header was connected to the output of the
HPFs. The Bluetooth module was connected to the accessory board and its TX
and RX pins were wired to the Arduino Due RX3 and TX3 pins respectively.
Finally the accessory board was connected to its 3.3 V supply for the Bluetooth
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module and the RF board was wired with its 5 V supply from the Arduino Due
board. The top view of the Due Doppler simulator can be seen in Figure 5.3 as
well as the accessory board in Figure 5.4.
Figure 5.3: A top view perspective of the Arduino Due integrated into the hous-
ing.




This chapter discussed how the firmware and electronic hardware was integrated
into the AD9 Doppler simulator. The key features that were discussed was the
firmware structure of the Due Doppler simulator and how it implemented the
design features discussed in the Chapter 4. Then a brief discussion was provided
on the electronic hardware which showed how the Arduino Due was placed and




Evaluation of the Due Doppler
Simulator
The previous chapter focused on how the electronic hardware and firmware was
implemented into the Due Doppler simulator. This chapter will evaluate the
Due Doppler simulator using RF test equipment and with a Doppler radar. The
general functionality of the device will be tested using an oscilloscope and spec-
trum analyzer. Then the device will be evaluated by simulating various Doppler
velocity profiles that is measured by a Doppler radar.
6.1 Evaluation under Controlled Environment
In order to test the functionality of the Due Doppler simulator, the IQ signals
need to be validated to make sure they are being properly mixed and then trans-
mitted through the antenna. Since this is a passive device, an external X-band
signal needs to be generated. This was done by using a frequency oscillator and
an X-band synthesizer connected to an X-band horn antenna that acted as a
transmitter. Another X-band horn antenna was connected to a spectrum ana-
lyzer to act as the receiver. The layout of this can be seen in Figure 6.1. The
frequency synthesizer was powered by an external power source with two voltage
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inputs of 15 V and 6 V. It also had a reference signal that it got from an oscillator
















Figure 6.1: A snapshot of the spectrum analyzer of the AD9 Doppler simulator
off while the test X-band hand is transmitting.
The distance from the Doppler simulator to the X-band horn antennas was 3m.
It was also at the same height and in line with the horn antennas. The X-
band horns were used to simulate a Doppler radar. Since angles are not being
simulated, the relative horizontal or vertical position of the Doppler simulator was
not important. Any offset would only effect the peak amplitude that is measured.
Further details of this equipment is discussed in Appendix E. The spectrum
analyzer was setup to span a spectrum of 30 kHz as a narrow bandwidth was
required around the carrier frequency. During the actual testing process, the Due
Doppler simulator was powered on and made to simulate a constant frequency
of 3.5 kHz.
It can be observed in Figure 6.2 that a signal of 10.520 Ghz is being measured
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Figure 6.2: The raw Doppler data captured by the Doppler radar of 3.5 kHz
simulated by the Due Doppler simulator
by the spectrum analyzer and smaller peaks around it.
It was found that the delta between the carrier and the first lower sideband is
3.45 kHz which confirms that the Due Doppler simulator was mixing the IQ
signals correctly. However, there seemed to be an offset of 50 Hz. This offset
can be explained by the course resolution of the spectrum analyzer which is
approximately 75 Hz. It can also be observed that other peaks are present in
the spectrum. This is to be expected since this is an effect of intermodulation
caused by RF mixing. Another configuration of the setup showed how the USB
was suppressed, as shown in Figure 6.3.
It can be observed that the USB was suppressed by -39.66 dB relative to the first
LSB. The USB suppression was achieved by tuning the phase offset. In order to
achieve the design requirement of a 40 dB sideband suppression, the phase offset
needed to be adjusted to 77◦. The final test was to evaluate the Due Doppler
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Figure 6.3: USB suppression relative to the LSB.
simulator with a Doppler radar. This will be covered in the next section.
6.2 Evaluation with a Doppler Radar
The previous section showed how the Due Doppler simulator successfully gen-
erated IQ signals that were detected as LSB peaks on the spectrum analyzer.
The next stage of the evaluation is to test the device with a FlightScope Doppler
radar. The Doppler radar was setup in a golf hitting cage in its normal position,
that is 3 m behind the Due Doppler simulator as shown in Figure 6.4.
The Doppler radar was setup to be in an arm state which allowed it to contin-
uously transmit 10.5 GHz. Then the Doppler simulator was setup to simulate
the constant velocity profile of 3.5 kHz or 50 m/s. Then after 5 seconds, the
Doppler radar was disarmed. The radar itself has a circular buffer that records
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Figure 6.4: The Doppler radar setup relative to the Due Doppler simulator.
the Doppler data. This data was then downloaded from one of its receiver chan-
nels. This data was then analyzed in Octave. The raw Doppler data can be
observed in Figure 6.5 and the spectrogram is shown in Figure 6.6.
Figure 6.5: The raw Doppler data captured by the Doppler radar of 3.5 kHz
simulated by the Due Doppler simulator
It can be observed that the Doppler radar captured the 3.5 kHz signal simulated
by the Doppler simulator at a constant amplitude. The next evaluation was to
perform the simulation of the golf ball velocity profiles. The Doppler radar was
again put in its arm state and then the mode of the Due Doppler simulator was
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Figure 6.6: The spectrogram of the raw Doppler data of the simulated 3.5 kHz
changed to simulate the velocity profile of a 6 Iron golf shot. After 5 s the Doppler
radar was disarmed. Then the data was downloaded and observed in Octave. A
decaying amplitude profile can be observed in the raw Doppler data of Figure
6.7. Furthermore, the spectrogram plot shown in Figure 6.8 shows the velocity
profile of the 6 Iron golf shot. It can also be observed that there is a second
trajectory that is above the main velocity profile. This is the intermodulation
product that is inherent with multiplying signals in a RF mixer. This harmonic
is clearly a lot weaker than the main trajectory as it only appears for 800 ms on
the spectrogram.
Then a comparison was done regarding how close this velocity profile matched
the real shot taken by the Doppler radar. This can be see in Figure 6.9. It can
be observed that there is a slight deviation from the simulated velocity.
From Table 6.1, it can be observed that the µerror has a large difference of -
30.47 Hz compared to the modeled µerror. While the σerror is more comparable.
The reasons for this shall be discussed in the next section.
Following on from the 6 Iron golf shot, the other two velocity profiles were sim-
ulated. The same procedure was used as before to simulate the velocity profile.
The Doppler simulator was setup to transmit a Driver velocity profile. The
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Figure 6.7: 6 Iron Raw Doppler
Figure 6.8: 6 Iron Spectrogram
Doppler radar was armed and then disarmed after 5 s. The Doppler data was
download and the resulting data is shown in Figure 6.10 and Figure 6.11.
Figure 6.12 shows a comparison between the actual, modeled, and simulated
velocity profiles.
It can be observed in the figures that the Driver has the highest launch speed
and a lower deceleration rate compared to the 6 Iron. Another polynomial is
fitted to this spectrogram to compare it to the modeled and real profile captured
by the Doppler radar. It can be observed in Table 6.2 that the µerror has a
large difference of -26.03 Hz compared to the modeled µerror. While the σerror is
comparable. The reasons for this shall be discussed in the next section.
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Figure 6.9: The plot of the simulated 6 Iron shot versus the modeled and real
data
Table 6.1: A comparison between the modeled and simulated plots relative to
the real plot for the 6 Iron golf shot
Plot µerror (Hz) σerror (Hz)
Modeled -0.48 33.01
Simulated -30.47 21.92
Figure 6.10: Driver Raw Doppler
The last velocity profile to be simulated is the Pitching Wedge. This type of shot
has the shortest distance, lowest speed, but the highest launch angle. The same
procedure to capture the simulated data with the Doppler radar is followed. The
only difference is that the Due Doppler simulator is setup to simulate a Pitching
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Figure 6.11: Driver Spectrogram
Figure 6.12: The plot of the simulated Driver shot versus the modeled and real
data
Wedge. The data was captured and observed in Octave. It can be observed in
Figure 6.14 that there seems to be a second trajectory above the main Pitching
Wedge trajectory. As with the 6 Iron golf shot, this was accounted for as an
intermodulation product that is inherent with multiplying signals. This harmonic
is clearly a lot weaker than the main trajectory as it only appears for 1 second
on the spectrogram.
It can be observed in the figures, that there is a lower speed and a higher deceler-
ation compared to the 6 Iron and Driver velocity profiles. Another polynomial fit
of this spectrogram plot was done to compare it to the modeled and real profile
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Table 6.2: A comparison between the modeled and simulated plots relative to
the real plot for the Driver golf shot
Plot µerror (Hz) σerror (Hz)
Modeled 1.95 18.28
Simulated -26.03 19.47
Figure 6.13: Pitching Wedge Raw Doppler
Figure 6.14: Pitching Wedge Spectrogram
captured by the Doppler radar. It can be observed in Table 6.3 that the µerror
has a large difference of about 22.84 Hz compared to the modeled µerror. While
the σerror is comparable. This was seen in the previous results for the other golf
shots and the reason behind this shall be discussed in the next section.
73
6.2. EVALUATION WITH A DOPPLER RADAR
Figure 6.15: The plot of the simulated pitching wedge versus the modeled and
real data
Table 6.3: A comparison between the modeled and simulated plots relative to
the real plot for the Pitching Wedge golf shot
Plot µerror (Hz) σerror (Hz)
Modeled 0.47 17.82
Simulated 22.84 18.61
6.2.1 Summary of the Results
Table 6.4 shows a summary of all the shots that were simulated and compared to
the modeled trajectories. It can be observed that there is a significant difference
in terms of the µerror between the simulated and modeled results. Although
the σerror seem to have a close correlation. It can be observed in the general
trend of the figures that the simulated trajectories follow that of the modeled
trajectories. The reason behind the offset is believed to have come from the
frequency resolution. Since a sample rate of 17045 Hz was used, combined with
an FFT size of 1024, a frequency resolution error of approximately 16.6 Hz can
be expected.
The final observation was with regards to the amplitude decay and the second
trajectory that appeared on the 6 Iron and Pitching Wedge golf shots. This was
accounted for as a harmonic that is inherent with multiplying signals. It useful
to note that the Driver did not have this harmonic. This can be linked to the fact
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that the simulated Doppler data of the Driver had the lowest signal amplitude.
This means the harmonic was too weak and was most likely suppressed by the
normalization of the spectrogram.
Table 6.4: A table comparing the average error and standard deviation for all
three shots
µerror (Hz) σerror (Hz)
Modeled Simulated Modeled Simulated
Driver 1.951 -26.035 18.290 19.474
6 Iron -0.489 -33.014 19.780 21.930
Pitching Wedge 0.476 22.842 17.828 18.611
Average 0.646 -12.069 18.633 20.005
6.3 Chapter Summary
This chapter covered the evaluation of the Due Doppler simulator. It first focused
on evaluating the device under a controlled environment using RF test equip-
ment. This showed that it matched the same performance of the AD9 Doppler
simulator. It then showed how the device was evaluated with a Doppler radar
by simulating three different types of golf shots. The final comparison of results




This dissertation began by highlighting a need for a Doppler simulator to perform
effective HIL simulations for sport Doppler radars. It then categorized design
requirements for this device in order to meet the HIL simulation standards. This
device, known as the Due Doppler simulator, was then designed, developed,
and evaluated based on the design requirements. These requirements stipulated
that the desired Doppler simulator should operate like the existing AD9 Doppler
simulator and should have certain improved features. These features included
simulating various velocity profiles of golf ball trajectories, performing waveform
modulation, and catering for wireless communication. These features were de-
signed in Chapter 4, implemented in Chapter 5, and evaluated in Chapter 6.
This chapter will provide a summary of the key results and findings that took
place with the dissertation.
7.1 Due Doppler Simulator Integration
The first three design requirements stated that the upgraded Doppler simulator
needed to function in the same way as the AD9 Doppler simulator. Furthermore,
the existing housing, RF board, and antenna needed to be used. The Arduino
Due microcontroller was used to upgrade the AD9 Doppler simulator to become
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the Due Doppler simulator. It was integrated into the housing and operated the
existing components. Furthermore, the firmware was designed with the DDS
method to generate analog signals. It was observed that using the Arduino Due
meant that approximately 50 % of the physical space was saved in the housing
since it used less components. The electronic build time was also reduced as the
Arduino Due is a complete stand-alone component. The only build time that
was required was for the accessory board that housed the LPFs, HPFs, and the
Bluetooth module.
7.2 Simulated Velocity Profile Analysis
The next two design requirements were specific to the main objective of this
dissertation which was to simulate the velocity profile of a golf ball trajectory
and perform waveform modulation. This was evaluated in the previous chapter
which can be summarized by the table below. The frequencies reported in the
previous chapter was converted to radial velocity.
Table 7.1: A table comparing the velocity average error and standard deviation
for all three shots
µerror (m/s) σerror (m/s)
Modeled Simulated Modeled Simulated
Driver 0.027 -0.364 0.256 0.273
6 Iron -0.007 -0.462 0.277 0.307
Pitching Wedge 0.007 0.320 0.250 0.261
Average 0.009 -0.169 0.260 0.280
It can be observed that the error between real versus the simulated velocity
profiles were within the design requirement of ±0.5 m/s. The average error over
the three was calculated as -0.16 m/s and the standard deviation was calculated
as 0.28 m/s. This is despite the fact the simulated velocity profile did not match
the modeled velocity profile exactly. As mentioned earlier, the proposed reason
for the velocity error is due to the frequency resolution that was used which was
approximately 16.6 Hz or 0.23 m/s. This would account for the error between
the modeled and simulated velocity profile. A larger FFT size could be used to
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reduce the error. In terms of the frequency, amplitude, and phase modulation,
this was directly used to simulate the golf ball trajectories. Even though the
amplitude modulation did not play a direct role in the analysis, it still served
as an reasonable representation of the signal decay of the golf ball in flight.
Furthermore, the phase modulation was used to generate a phase offset between
the I and Q signals. It was shown that by tuning the phase of the IQ signals
slightly less then 90◦, the USB could be suppressed by 40 dB relative to the LSB.
It was also shown that the frequency, amplitude, and phase could be controlled
via serial communication.
The final three design requirements referred to the external power supply to
make the device portable, as well as communicating with it wirelessly. The bud-
get of the upgrade was also a consideration. These requirements were achieved
and documented in the design and integration phase of the dissertation. A USB
power bank was used to power the device and a Bluetooth module was added
to the Arduino Due so it could be operated via a smartphone. Lastly, the feasi-
bility study showed the significant price difference between the AD9854 and the
SAM3X8E.
7.3 Device Feasibility
The main finding for this dissertation was how feasible the Arduino Due was
for the upgrade. The feasibility study argued the case for the Arduino Due
as a suitable replacement for the AD9854 processor. This was based on its
specifications that would be able to meet the design requirements, and that it
has been used in generating firmware based DDS signals before. Furthermore, the
significant price difference and ease of integration made it an attractive candidate.
It was also indicated that the AD9854 was designed for high-speed applications
whereas the projectiles that needed to be simulated were relatively low in speed.
One final feature that was useful, was that the Due Doppler simulator was able
to tune the IQ signals by adjusting the phase to suppress the USB. This was




This chapter aimed to highlight the key results and findings that came from this
dissertation. It mentioned how it was upgraded into the existing AD9 Doppler
simulator and that it saved space, component usage, and component costs. It
then discussed the main successful feature of the Due Doppler simulator, that was
to simulate velocity profiles of a golf ball projectiles. The final section discussed
the feasibility of the device, and mentioned how the Arduino Due was a suitable





This chapter is split into two sections. The first section will discuss improvements
and optimization in electronic hardware, RF design, and signal processing. The
second section will discuss the conclusion which will highlight the device perfor-
mance, contributions, and further research.
8.1 Future Considerations
The Due Doppler simulator can be regarded as prototype that was able to simu-
late velocity profiles of golf ball projectiles. The design and development of this
device comprised of a variety of engineering disciplines. The aim of this section




8.1.1 Electronic Hardware Improvements
The main electronic hardware upgrades that were performed, involved integrating
the Arduino Due and peripheral components into the AD9 Doppler simulator.
Furthermore, the Due Doppler simulator met all the design requirements that
was stated in Chapter 1. However, in order to optimize the performance of the
device, certain key features should be considered.
The first consideration regards the passive filters. A first order LPF was designed
and implemented to smooth out the DAC output. It can be investigated to
implement a second order low pass filter to provide a better frequency response.
More importantly, the resistor used in the LPF stipulates the source current that
is supplied to the RF mixer. We showed that the IF mixer is limited to a 3mA
source input. By using a 2.2 V DAC, the source input became 14.6mA which was
above the mixer’s source input limit. Subsequently the DAC voltage had to be
reduced to 0.4 V so that it would be within the mixer specifications. The simple
solution to maintaining the DAC voltage resolution is to use a larger resistor
with a smaller capacitor. This was not critical to the simulation of the velocity
profiles but it may become important if the cutoff frequency needs to be changed
for higher velocities.
8.1.2 Firmware Improvements
The firmware improvements are closely related to how the golf ball projectiles are
simulated. The velocity and amplitude LUT tables can be modified to adjust
for other types of trajectories. The method that was implemented used LUT
tables. This is not the only way, since real-time flight models can be generated.
This would allow more flexibility with the type of projectile that are simulated
compared to the fixed projectiles that the Due Doppler simulator generated.
The sampling rate of the DDS can also be increased for applications that have
a higher velocity. The highest sampling rate that was achieved was 500 kHz,
although the DAC is rated to achieve 2 MHz. It is possible that other timers
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may be able to achieve the higher sampling rate on the DAC.
8.1.3 Signal Processing Optimization
The core part of the Due Doppler simulator revolved around signal processing.
As discussed in Chapter 4, raw Doppler data was measured and velocity flight
models were derived for three difference types of golf shots by tracking the largest
peaks in a spectrogram. This method can be optimized. Firstly, it was observed
that the entire velocity profile could not be tracked as the signal become em-
bedded in noise. Furthermore, when normalization was done, it removed some
of the trajectory as well. This approach can be optimized in terms of how the
spectrogram was implemented. The FFT size, overlap, and type of window can
be tuned to achieve better tracking. Also, the normalization technique can be
adjusted to only remove the noise so the full track can be detected.
Another process that can be optimized is how the velocity and amplitude profiles
were modeled. As discussed in Chapter 4, a second order polynomial fit was
chosen to represent the velocity profile. Other polynomials can be implemented
to achieve a more accurate fit. Besides this empirical approach, a theoretical
model could also be implemented as shown in the literature review. This could
include various other parameters like drag, lift, spin, and the RCS of the ball.
This would allow for more flexibility with the types of shots and projectiles that
could be simulated.
The amplitude decay profile can also be optimized. Only the data from after the
gain switch was used. A two-stage amplitude decay profile could be simulated
to simulate what happens in reality. Lastly, only the profile of the ball was




8.1.4 RF Design Updates
The one investigation that should take place is to determine the cause of the 50
Hz offset. This would allow for a more accurate simulated velocity profile that
would match the modeled profile. Furthermore, the FlightScope Doppler radars
measure angles as well. This can be a scope for further research to simulate the
change in azimuth and elevation angles of the golf ball trajectory. This would
possibly require modifications to the RF design.
8.2 Conclusion
A Doppler simulator is a fundamental HIL device that is used to evaluate Doppler
radars. This dissertation focused on developing a Doppler simulator that would
be able to do real-time velocity and amplitude simulations of golf ball trajectories.
This was achieved by upgrading a Doppler simulator with an Arduino Due that
could simulate velocity profiles of golf ball trajectories. The DDS method was
used to generate IQ signals that was modified to implement flight models derived
from empirical golf ball data. Furthermore, a simulated velocity average error of
-0.16 m/s and a standard deviation of 0.28 m/s was achieved for the three types
of golf shots.
8.2.1 Contributions
This dissertation was able to develop a device to perform a HIL simulation. This
was done by upgrading an existing Doppler simulator that could only simulate
a single velocity. It was shown that the Doppler simulator achieved its objective
and met the design requirements. Furthermore, this device is unique in the
sense that it used a consumer based microcontroller to perform effective HIL
simulations. The application of this device is also novel, as very little research




The scope for future research for the Due Doppler simulator is vast. It can be
implemented in a variety of applications specifically focusing on simulating the
velocity and amplitude profile of a projectile. In the field of golf, the simulation of
the full 3D trajectory is an intriguing concept to simulate as this would allow the
FlightScope Doppler radar to be fully evaluated. Furthermore, the capability
of the firmware based DDS implementation allows for multiple targets to be
generated that could be moving towards or away from the radar. The applications
are almost endless, the only limitation is the imagination.
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Figure A.1: RF Mixer Pin Description
Figure A.2: SAM3X8E DAC Characteristics
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Figure A.3: SAM3X8E DC DAC characteristics part 1








Frequency Band 10.1 - 10.9 GHz
Doppler Frequency Band 1 - 20 000 Hz




Antenna Gain 14 dBi
RF Mixer
IF Bandwidth DC - 3.5Ghz
Image Rejection 38 dB
LO to RF isolation 50 dB
Operation IQ Single Sideband Upconverter
DDS
Clock Frequency 300 MHz
DAC Resolution 12 bit
Phase accumulator resolution 48 bit
Sample rate 20 MSps
Accessory Board
Supply Voltage 12 V
Supply Current 350 mA
Communication Link RS 232
Baud Rate 115 200 bps




Figure C.1: Test points on the RF board showing where the IQ signals were
measured.
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Figure C.2: Using an oscilloscope this shows a frequency spectrum of the two
IQ signals showing 3.5 kHz. The discontinuity in the lagging signal is caused by
the phase shifter board to create a slight phase adjustment to suppress the USB.
Figure C.3: A snapshot of the spectrum analyzer for the AD9 Doppler simulator








The Doppler simulator was tested in the RF lab at FlightScope. Various RF test
equipment was used to test and evaluate the functionality of the Doppler simu-
lator at various points. The first test equipment that was used was a Tektronix
TBS1202B 200 MHz 2 channel oscilloscope. This was mainly used to test the I
and Q signals generated by the two DACs.
Figure E.1: The Tektronix TDS1002B Oscilloscope.
The other test equipment that was used was an Agilent E4407B spectrum an-
alyzer with a range of 9 kHz to 26.5 GHz. This was quite a crucial piece of
equipment to test the general functionality of the RF components, and whether
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the correct sidebands were being generated from the mixer. And image of this
is shown in Figure E.2.
Figure E.2: The Agilent E4407B Spectrum Analyzer.
To test the Doppler simulator, an X-band horn antenna was attached to the
spectrum analyzer and another connected to a 10.5 Ghz frequency synthesizer.
A 50 Ω SMA coaxial cable was used to connect the receiver horn antenna to
the spectrum analyzer as well as connecting the frequency synthesizer to the
transmitter horn antenna. In line with the spectrum analyzer was an Agilent
blocking capacitor and in line with the transmitter horn antenna was a 20 dB
attenuator.
Figure E.3: The Power Supply
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Figure E.4: The frequency synthesizer and reference oscillator
By first pointing these two horns together, a 10.5 Ghz peak on the spectrum
analyzer could be seen. Then the horn antennas were both pointed to the Doppler
simulator at 3 m to simulate the actual application of the FlightScope Doppler
radar.
Figure E.5: The two X-band horn antennas
Some testing was done in a makeshift anechoic chamber used at the FlightScope
RF lab, however the signal interference from the lab surroundings provided little
overall effect to testing the Doppler simulator.
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